Introduction
There are several causes for the occurrence of external root resorption, such as trauma, ectopic eruption of neighbouring teeth, inflammation, excessive occlusal loading, and tooth mobility due to periodontal breakdown (Stuteville, 1938; Baden, 1970; Herd, 1971; Hylander, 1977; Goultschin et al., 1982; Feiglin, 1986; Wehrbein et al., 1990) . The most common cause, however, in westernized societies is the directed tooth movement of orthodontic treatment (Rudolph, 1940; Linge and Linge, 1983; Harris et al., 1993) .
In most patients root resorption during orthodontic treatment is minimal (Hollender et al., 1980; Linge and Linge, 1983) and is not judged to negatively influence the health of the stomatognathic system (Sjølien and Zachrisson, 1973; Linge and Linge, 1983; Remington et al., 1989) . A small number of patients, however, develop extensive root resorptions during orthodontic treatment. Linge and Linge (1991) found loss of root length exceeding 4 mm in 2.3 per cent of teeth. Levander and Malmgren (1988) found resorptions exceeding half the original root length in 1 per cent of teeth tested.
Among the factors influencing the development of root resorption that can be controlled by the orthodontist are the type and level of force. Reitan (1957 Reitan ( , 1970 Reitan ( , 1985 advocated the use of intermittent forces to prevent the development of root resorption and to enable reparative processes to occur during periods with little or no force. Maltha and Dijkman (1996) reported more resorptions in dogs when using continuous than intermittent forces. Most authors have found a positive relationship between force level and resorptive activity (Dellinger, 1967; Kvam, 1967; Stenvik and Mjör, 1970; Reitan, 1974; Rygh, 1977; Bondevik, 1980; Harry and Sims, 1982; King and Fischlschweiger, 1982) .
Stainless steel and nickel titanium archwires with superelastic properties are among the most frequently used wires in fixed appliance therapy (Gottlieb et al., 1991) . Whereas stainless steel wires generate a rapidly declining force during deactivation, superelastic wires deliver a constant force over an extended portion of the deactivation range (Miura et al., 1986) . Type and level of force, however, have a bearing on the occurrence of root resorption during orthodontic treatment. The aim
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of this investigation was, therefore, to study root resorption in adolescents resulting from these two differing force regimens.
Material and methods

Study sample
Ninety premolars from 27 patients (10 boys and 17 girls) aged 10.2-14.5 years (mean age 12.5 years) were used in this study. The children had been referred for orthodontic specialist treatment and showed malocclusions requiring the extraction of premolars. The scheduled extractions were postponed to use the teeth as test and control teeth for the experiment. In 14 patients all four first premolars were used as experimental teeth, in one patient all four second premolars, and in six patients only the maxillary first premolars. Due to agenesis of single premolars, a further six patients needed extraction of three premolars. In these patients the two contralateral teeth in the same arch were used as experimental teeth, whereas the single premolar from the opposing arch was used as a control. The control teeth were extracted before the start of the experiment. As a result, 84 teeth were actively moved and six teeth were used as the controls. The position of each tooth (maxilla, mandible) was registered. Impressions using alginate were taken immediately before insertion of the experimental appliance. The impressions were poured with hard stone.
Orthodontic appliance
A fixed orthodontic appliance was cemented at the start of the experiment. It consisted of an acrylic splint covering all but the experimental teeth in one arch. Brackets (0.018 inch slot) were bonded to the experimental teeth. The brackets were incorporated in the splints in such a way that a normal interbracket distance existed between the brackets on the splint and the bracket on the experimental tooth, and the base of the slot of the 'splint brackets' was 4.5 mm more buccally positioned than that of the bracket on the experimental tooth in the middle. This was controlled using a special jig when making the splint in the laboratory. On one splint the distance was set at 5.5 mm. The experimental tooth on one side was moved buccally with a superelastic archwire (Sentalloy™-blue, 0.016 inch, GAC International inc., Central Islip, NY, USA), ligated through the three brackets using steel ligatures. On the contralateral side a stainless steel archwire (0.016 inch, Ormco Corporation, Glendora, CA, USA) was used. This was adjusted to a 1 mm buccal offset in relation to the slot of the bracket on the experimental tooth and was tightly ligated. After 4 weeks, the stainless steel wire was readjusted to a 1 mm offset. Four weeks later this was repeated and 4 weeks thereafter (12 weeks after starting the experiment) the appliances were removed. The superelastic wire was not adjusted during the experiment. The teeth were cleaned and impressions were taken. The experimental teeth were then extracted with forceps under local anaesthesia. A typical patient is shown in Figure 1 .
The force characteristics of the two wire materials used in the experimental set-up are shown in Figure 2 . During deactivation, the stainless steel wire shows an initially high, rapidly declining force, whereas the Sentalloy™-blue wire has true superelastic properties: a lower force of approximately 1 N that is constant from 4 to 0.25 mm deflection.
Dental cast analysis
With a sharp pencil, a point was marked on the buccal and lingual cusps of the test teeth. The tips of the mesiobuccal and palatal cusps of the first molars and an easily identified point on the incisal edge of one of the central incisors were also marked. A co-ordinate measuring machine (Ögussa GmbH, Vienna, Austria) and an appropriate software package (Gamma, Klosterneuburg, Austria) were used to measure the tooth movements three-dimensionally. The amount of movement (mm) and the rotations (degrees) in the three planes of space were calculated.
Analysis of root resorptions
The teeth were rendered inorganic in 10 per cent sodium hypochlorite. After washing they were kept in 70 per cent alcohol until analysed.
Images of the resorption lacunae were made in a confocal laser scanning microscope (CLSM; Lasertec 1LM21W, Lasertec Corporation, Japan), producing three-dimensional (3D) digital images. CLSM is a nondestructive, 3D technique of microscopic tomography. The confocal principle is based on the elimination of stray light from out-of-focus planes by a confocal aperture. Images are obtained by scanning the sample with a spot-size laser source (diameter ≈ 1 µm) and recording the light reflected from the in-focus plane. Tomography is undertaken by recording a series of consecutive images in the vertical plane. These consecutive images are then stacked up in a computer to obtain one image. These images were stored in a computer. The lacunae were measured using an image analysis program (analySIS; SIS Soft Imaging Software GmbH, Münster, Germany). A computer program was written to estimate the unknown part of a surface using a knowledge of the surrounding 'non-damaged' surface (Howell and Boyde, 1998) . The program utilizes a series of image co-ordinates and the corresponding height values extracted from the intact border areas adjacent to any resorption area. A new perfect surface is generated. Subtracting the original image from the newly generated one gives an image corrected for its curvature and where the surface appears flat. A suitable grey level offset is added to ensure a pixel's value does not become negative or greater than 256. Measurements of volume made from this corrected image refer each pixel's position to the original surface (Howell and Boyde, 1998) . Greatest depth (µm), perimeter (µm), area (µm 2 ), and volume (µm 3 ) of each resorption lacuna were measured. Perimeter, area, and volume were summed for each tooth.
Statistical analysis
Median and range were calculated for each parameter and the differences were tested with Wilcoxon's matched pairs, signed ranks test. The influence of the covariate position of the tooth was tested with an analysis of variance. Correlations were determined with the Spearman test.
The errors of the method were evaluated by calculating the systematic and accidental errors. Duplicate measurements were made on 10 casts and 15 randomly selected teeth. The mean difference between the two determinations (systematic error) was not significant for any variable. The accidental error (Si) was calculated with the formula Si = √(Σd 2 /2n), where d is the difference between the two determinations and n is the number of duplicate measurements. Table 1 summarizes the errors of the method.
The design of the study was approved by the Ethics Committee of the Faculty of Medicine, Karl-FranzensUniversity, Graz, Austria.
Results
The amount of linear movement and the rotations are shown in Table 2 . The teeth with the superelastic wire moved significantly more (3.50 versus 2.30 mm; P < 0.001) and tipped buccally to a larger degree (rotation xz, 9.26°versus 7.81°; P < 0.01) during the 12-week experimental period than those moved with the stainless steel wire. The rotational movement around the long axis of the tooth (xy) and the amount of mesiodistal tipping (yz) did not differ to a significant extent. The range displayed large individual variations.
Resorptions
An exact analysis of the roots of the control teeth revealed only one very small resorptive area. Macroscopically, the roots of the experimental teeth displayed an array of resorptions (large, small, superficial, deep). Figure 3 shows the CLSM images of two macroscopically visible resorption lacunae. The coronal resorption shows the typical aspect of an active resorption site characterized by smooth multilocular surfaces (Barber and Sims, 1981) .
The distribution of the resorptive areas is shown in Table 3 . The number of resorptions on the roots of the teeth moved with a superelastic wire was significantly greater than those moved with a stainless steel wire (median 22 versus 16, P < 0.001). The number of resorptions increased from the the cervical to the apical area in both groups. The cervical resorptions were mainly located on the buccal side, whereas the resorptions in the apical area were seen on the palatal/ lingual side.
The amount of resorptive damage, defined as the largest depth, perimeter, area, and volume, found in both groups after a period of experimental tooth movement that lasted 12 weeks, is shown in Table 4 . As analysis of the covariate position of the tooth in the maxillary or mandibular arch did not reveal any significant influence on the amount of root resorption, the maxillary and mandibular teeth were analysed as one group.
The largest depth of the resorption lacunae found on a single tooth did not differ significantly beween the groups (268 µm in the steel group, 279 µm in the superelastic group, P > 0.05). The teeth moved with the superelastic wire showed significantly more resorptive damage regarding perimeter (4.43 × 10 There was a correlation between the amount of linear tooth movement and the area and volume of the resorptions of the steel-activated teeth and the volume of the resorptions of the superelastic-activated teeth, respectively. The correlation coefficient was 0.35 (P < 0.05) for all three variables.
Discussion
This clinical study in humans analysed and compared the effect of two commonly used orthodontic archwires on the rate of tooth movement and the effects on the roots, i.e. occurrence and severity of root resorption. Table 2 Median and range of the experimental tooth movement in both force groups and significant intergroup differences. Rotation xy, rotation around the long axis of the tooth; rotation xz, buccolingual tipping; rotation yz, mesiodistal tipping; +, mesial; -, distal; *0.01 < P < 0.05; ***P < 0.001.
Figure 3
Experimentally moved tooth with macroscopically visible resorptions; two resorption lacunae depicted with confocal laser scanning microscopy (tooth 24, force steel, original CLSM magnification ×20). Reproduced with kind permission from Quintessenz Verlags-GmbH.
Experimental tooth movement in humans, followed by extraction of the teeth, excludes movement in a mesiodistal direction. It was decided to use a predominantly tipping movement in a buccal direction, as one of the aims of this investigation was to study the volume of resorptions. It was expected that intrusive movements would lead to a shortening of the root and, consequently, would not allow any volumetric analysis. For ethical and practical reasons the duration of the experiment was limited to 12 weeks, which seems appropriate compared with earlier reports (Stenvik and Mjör, 1970; Kvam, 1972; Harry and Sims, 1982; Küçükkeles et al., 1995; Owman-Moll, 1995; Faltin et al., 2001) .
The results show that there was a significant difference in the amount of buccal premolar displacement after 12 weeks with a superelastic archwire when compared with a stainless steel wire. The teeth moved faster with a continuous force than with dissipating or interrupted forces. This confirms the results from earlier investigations (Storey and Smith, 1952; Gibson et al., 1992; Owman-Moll et al., 1995; Daskalogiannakis and McLachlan, 1996; Darendeliler et al., 1997) .
The distribution of the resorption lacunae can be related to the tooth movement that occurred: mainly a buccal tipping of the crown and lingual tipping of the apex.
The measurement of the depth and volume of resorption lacunae depends on the reconstruction of the original root surface. The principle of mathematical reconstruction of parts of objects based on the form of the surface surrounding the defect has not been undertaken previously in orthodontic research. Acknowledging that one cannot be certain that the reconstructed surface corresponds exactly to the resorbed surface, this method enables a more exact approximation of the amount of damage due to resorption than methods described in the literature. The mathematical model itself is very exact: on a mathematically generated surface the method produces an exact replica of itself. The quality of the CLSM image and the number of points selected have a bearing on the fit of the surface reconstruction (Howell and Boyde, 1998) . As 3D analysis has not been performed previously, comparisons with results from other studies are difficult.
The depth of the resorptions seen in this investigation are comparable with the values mentioned by Odenrick et al. (1991) . After intruding premolars for 70 days, Harry and Sims (1982) found lacunae measuring up to 2200 × 2900 µm. This compares well to the largest areas found on the teeth that were moved with steel wires in this study. Küçükkeles et al. (1995) found lacunae of 200-300 µm diameter after intruding premolars. Volume measurements were not found, however, in the literature.
Perimeter, area, and volume of resorption lacunae were significantly larger (140%) when the teeth were moved with superelastic compared with steel wires. A continuous force of 0.8-1 N used for a tipping tooth movement is more detrimental than an initially higher, but rapidly dissipating force. This is in agreement with reports from Oppenheim (1929 Oppenheim ( , 1933ab, 1936 and Reitan (1957 Reitan ( , 1970 Reitan ( , 1985 . Rygh and Brudvik (1993) showed, in animal experiments, that the duration of the root resorptive process seems to be associated Table 3 Medians and range of the distribution of the resorptive areas and significant intergroup differences. (Gianelly and Goldman, 1971; Jarabak and Fizzell, 1972; Ricketts et al., 1979; Rygh, 1985; Proffit, 1986) , the force level of the superelastic wires used in this investigation (0.8-1 N) may have been too high. Additionally, the duration of the force should not be such that the repair process is prevented. This presumption, however, is almost contradictory to superelastic properties. Faltin et al. (2001) confirmed that a reduction of continuous force magnitude should be considered to preserve the integrity of the tissues. Clinically it could be seen that the steel wire was passive when removed after 4 weeks. Although it is not known how long this passivity existed, it may be speculated that the progress of the resorptive activity was slowed due to an interruption in active force application. Individual variations have been reported to be an important factor for both tooth movement (Hixon et al., 1970; Maltha et al., 1993; Lundgren et al., 1996) and root resorption (Henry and Weinman, 1951; Massler and Malone, 1954; Kvam, 1972; Reitan, 1974; Zachrisson, 1976; Linge and Linge, 1983) . This clinical study confirms these findings.
It could not be confirmed that maxillary teeth are at higher resorptive risk than mandibular teeth, as has been stated in the literature (Ketcham, 1927 (Ketcham, , 1929 Massler and Malone, 1954; Massler and Perreault, 1954; Phillips, 1955; McFadden et al., 1989) . The differing sensitivity is mostly explained by the differing mechanical load of the upper and lower teeth during treatment or differing amounts of tooth movement during orthodontic therapy. In this investigation the force system used in the maxilla and mandible was the same.
The amount of tooth movement and the amount of resorptive activity were correlated. This confirms data from the literature (Stuteville, 1937 (Stuteville, , 1938 Morse, 1971; Von der Ahe, 1973; Hollender et al., 1980; Sharpe et al., 1987; Kelley et al., 1993; Beck and Harris, 1994; Baumrind et al., 1996; Costopoulos and Nanda, 1996) . However, this correlation was weak, the correlation coefficient (r) being 0.35. Consequently, the coefficient of determination r 2 is 0.12, which means that 12 per cent of the variation in resorption could be explained by the variation in linear movement of the tooth. In comparison, Baumrind et al. (1996) found a coefficient of determination of 0.20 for loss of root length and amount of tooth movement in a radiographic analysis of adult orthodontic patients during normal fixed appliance therapy.
It may be concluded that tooth movement will go faster with superelastic wires offering a force level of 0.8-1 N compared with stainless steel wires with initially higher but rapidly declining forces. A negative side effect seems to be an increase in severity of root resorption. The difficulty of the decision between ease and peril is possibly best stated by Rygh and Brudvik (1993) :
'New wire qualities pose challenges for the orthodontist who must try to avoid continuous forces that are heavy enough to lead to necrosis of the periodontal ligament and last long enough to prevent the root from recovering from damage inflicted on its surface'. 
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